For conventional wavelength (UV-vis-IR) lasers delivering radiation energy to the surface of materials, ablation thresholds, etch (ablation) rates, and the quality of ablated structures often differ dramatically between short (typically nanosecond) and ultrashort (typically femtosecond) pulses. Various very short-wavelength (λ < 100 nm) lasers, emitting pulses with durations ranging from ∼10 fs to ∼1 ns, have recently been placed into routine operation. This has facilitated the investigation of how ablation characteristics depend on the pulse duration in the XUV spectral region. Ablation of poly(methyl methacrylate) (PMMA) induced by three particular short-wavelength lasers emitting pulses of various durations, is reported in this contribution.
Introduction
Ablation characteristics often differ dramatically with normal wavelength (100's of nm) lasers, depending on whether the radiation energy is delivered to the material surface in either short (nanosecond) or ultrashort (femtosecond) pulses [1, 2] . In this contribution, we present the first results of our experiments focused on evaluation of pulse duration effects in material ablation induced by lasers working at wavelengths shorter than 100 nm.
Experimental
Among numerous XUV lasers available for application experiments (for a review see [3] [4] [5] [6] ), we used the three systems described below in our ablation experiments. The 1.2 ns pulses of 46.9 nm radiation from the capillarydischarge Ne-like Ar laser at Colorado State University in Fort Collins, USA [7] , were focused by a spherical Si/Sc multilayer-coated mirror [8] and used for the ablation of organic polymers.
Various materials were irradiated [9] [10] [11] [12] with ellipsoidalmirror-focused XUV radiation (λ = 86 nm, τ = 30-100 fs) generated by the free-electron laser (FEL) operated at the TESLA Test Facility (i.e. the TTF1 FEL [13, 14] ) in Hamburg, Germany.
The collisionally pumped Ne-like Zn laser (λ = 21.2 nm, τ < 100 ps) [15, 16] realized at the Prague Asterix Laser System (PALS) Research Center; Prague, Czech Republic was used for irradiating both molecular and elemental solids in the soft X-ray region (λ < 30 nm). For the ablation experiments, the soft X-ray laser was focused down to a sub-100 m spot using a spherical Mo/Si multilayer mirror (60 cm radius of curvature).
Ablation of PMMA has been extensively investigated with conventional UV-vis-IR lasers. PMMA is also widely used in electron-beam, EUV, and X-ray lithography as a resist so that its radio-chemical and radio-physical properties are well understood. This is why it was chosen for our initial shortwavelength ablation experiments.
Two kinds of PMMA samples were used in our studies. For irradiation at 46.9 and 86 nm, PMMA sheet (1-mm thick; Goodfellow, UK) was fabricated into 2 mm × 5 mm chips and 13 mm × 32 mm slabs, respectively. For irradiation at 21.2 nm, 500 nm layers of 495 K PMMA were deposited on 5 mm × 5 mm 315-m thick silicon chips (Silson, UK).
The irradiated surfaces were investigated using profilometry and atomic force microscopy (AFM) performed with an Alpha-Step 500 Surface Profiler (Tencor, USA) and a Dimension 3100 scanning probe microscope (SPM) driven by a NanoScope IV controller (Veeco, USA).
Computer simulation
The ABLATOR code [17] [18] [19] was used to account for the wavelength differences between the lasers. It was developed in the early nineties for numerical simulation of ablation of the materials proposed for first walls of inertial confinement fusion (ICF) reactors, induced by broadband emission (∼keV) from NOVA-driven hohlraum targets. ABLATOR is a thermo-mechanical one-dimensional hydrodynamic code. It uses a Lagrangian finite-difference approach, which means that matter is divided into zones with fixed mass but variable size, position and velocity. Each time step (see Fig. 1 ), the code computes the energy deposited in each zone by radiation, the heat conducted from the immediately adjacent zones, and the energy due to stress in the material.
The Mie-Grüneisen equation of state (EOS) provides a new pressure that is linear with zone internal energy and dependent on the zone density. Normal stress, given as the difference between the new pressure and the new deviatoric stress, controls further movement of a zone. This is done by calculating zone node movements from the hydrodynamic equation of motion, using normal stress in the zone and its neighbors. When the variables in all zones are actualized, a new cycle starts. In every cycle one zone is designated as the surface, for which the fraction of liquid and vapor is computed, assuming that only surface evaporation occurs. If the vapor/liquid fraction exceeds one, the next zone is designated as the surface. Cracking occurs if the tensile stress exceeds the critical value. For our simulations, the original ABLATOR was modified to model material ablation induced by XUV radiation, which has a much shorter attenuation length than X-rays. The modified code was renamed XUV-ABLATOR. Efficient absorption of XUV radiation results in a dramatic increase of temperature in the near-surface region of irradiated material, leading to difficulties with the calculation of thermal conduction, very high gradients decreasing simulation stability, etc. Use of the deviatoric stress was also reconsidered. XUV-ABLATOR also takes into account radiation-chemical processes. The most abundant degradation products of PMMA irradiated by a 25 eV electron beam are methylmethacrylate (MMA) and carbon dioxide (CO 2 ) [20] . Therefore, the PMMA "vapors" in XUV-ABLATOR are composed of either MMA or CO 2 . The modified version of the code has been tested by comparing the calculated etch rates for nanosecond pulses of 46.9 nm radiation to measured values. Calculated values are in good agreement with those obtained with the capillary discharge XUV laser (see Fig. 2 ). 
Results and discussion
PMMA was cleanly ablated with all three XUV lasers over a wide range of fluences. Hence, etch rates for three different pulse durations have been determined.
The etch rates were further calculated for nanosecond pulses of 86 nm radiation. By comparing the calculated values for ns pulses with the measured values for sub-100-fs FEL pulses, the influence of pulse duration on XUV ablation efficiency may be evaluated. In Fig. 3 , it is shown that sub-100-fs pulses of 86 nm FEL radiation ablate PMMA at lower rates than predicted by simulation with XUV-ABLATOR for ns pulses at the same wavelength. Taking into account that the ablation occurs in the low-fluence region, where the rate is controlled by attenuation length (for more details see for example [1, 21] ) it follows from the results summarized in Fig. 3 that the attenuation length of FEL radiation must be shorter than that derived from the linear absorption coefficient (reported for example in [22] and used as a key input parameter in the XUV-ABLATOR simulation for the nanosecond pulses).
This may be explained if one assumes that absorption is enhanced for ultraintense, ultrashort pulses. In the experiment, the FEL-radiation intensity (>1 TW/cm 2 ) was 10 4 times higher than that considered at the same fluence in the XUV-ABLATOR simulation. Such an enhancement is usually much stronger and a very common phenomenon in the UV-vis-IR spectral regions. Non-linear, multi-photon ab- sorption of eV-photons is responsible for the enhancement in most cases. This effect likely does not play an important role in the XUV spectral region because of the different nature of high-energy-photon interaction with matter. Nevertheless, enhanced absorption of XUV-FEL radiation has been observed in free rare-gas clusters illuminated by the focused radiation delivered from the TTF1 FEL [23] . Its nature is not yet fully understood.
The etch rates determined in the ablation experiment with the sub-100-ps pulses of 21.2 nm radiation (see Fig. 4 ) also seem to be reduced (factor of 2-3) with respect to those calculated by XUV-ABLATOR for nanosecond pulses. However, the reason should be different than that discussed above for sub-100-fs pulses of 86 nm radiation. Attenuation length shortening is unlikely for sub-100-ps pulses (i.e. lower intensity) of 21.2 nm radiation because it is hard to imagine a strong non-linear interaction of 58.5 eV photons at intensities around 10 GW/cm 2 .
Conclusions
Efficient ablation (∼10-100 nm/pulse) induced by nano-, pico-, and femtosecond XUV lasers, was observed in PMMA in complementary fluence regimes. The ablation efficiency of different lasers emitting pulses of various durations at different wave-lengths can be indirectly compared using the XUV-ABLATOR computer simulation of ablation induced by nanosecond pulses. First results suggest slightly enhanced absorption of ultra-intense XUV-FEL radiation in the organic polymer. The etch rate is slightly reduced also for sub-100-ps pulses of soft-X-ray laser radiation with respect to the values calculated for nanosecond pulses. However, this reduction cannot be explained in the same way as with ultrafast XUV beams because of the higher photon energy and lower intensity in the soft X-ray beam. Surface quality of irradiated and ablated surfaces is very high for both short and ultrashort pulses. Craters with sharp edges, without bubbles and thermal damage, testify to a key role of non-thermal processes in XUV laser ablation. In conclusion, our initial XUV experi-ments do not show the dramatic difference between ablation of organic polymers with short and ultrashort pulses that is seen in the UV-vis-IR.
